It has been a much repeated comment in the scientific literature that there are almost as many theories of ageing as there are investi gators. Equally apparent is the lack of agree ment that exists relating cause and effect in the assessment of biological mechanisms of ageing. Such a situation has arisen for two fundamental reasons. Firstly, and in spite of ageing being a property of most living organ isms, this subject has attracted little scientific interest with the result that sound experi mental data has been limited, resulting in an inevitable expansion in theoretical specula tion. Secondly, ageing is multifaceted and hierarchical in its expression, affecting all components from the molecular level to the whole organism and is frequently confused with the symptoms of underlying pathology. Consequently many theories of ageing can be criticised for being merely an expression of some more fundamental change. 2 It is possible to categorise the many dispar ate theories of ageing into genetic, non genetic and physiological. The underlying assumption of genetic theories is that the life span of each species is determined by a developmental programme encoded in the DNA. Thus ageing may be envisaged to result from either the playing out of a pre-existing genetic pro gramme with the possible activation of ' ageing genes' or it may result from damage to the process of information transfer from DNA to its metabolic expression in the cell. Nongene tic theories focus attention on the chemical or structural modification of cellular proteins with time after they have been synthesised, while physiological theories of ageing concen trate on the loss of communication between cells, tissues and organs placing particular emphasis on the regulatory role of the neuro endocrine system.
Genome Based Theories
The Program Theory of Ageing Within a single species genetically determined differences in life span occur and in a study of inbred mouse strains Goodrick3 estimated that half the variance associated with longev ity was due to genetic factors. Heterosis occurs when inbred strains are mated result ing in enhanced longevity but detailed genetic knowledge on the mechanisms of the inheri tance of longevity is lacking. 4 The central idea of the programmed theory is that ageing is the result of a sequence of events encoded in the genome just as the developmental sequence is controlled by gene expression. The finite ability of normal human and animal cells to replicate in vitro has pro vided the best evidence in support of this theory. 2 Such an observation, however, may also be explained without invoking the con cept of 'ageing genes'. While development from conception to adulthood is clearly pro grammed, ageing may merely be the momentum generated by the developmental programme which takes a species specific time to dissipate in a more or less random fashion.
Medawar5 has advanced the idea that age ing is an inevitable but mainly indirect con sequence of natural selection. If it is not possible to eliminate a deleterious gene through natural selection, then it may be poss ible to postpone its time of expression. Conse quently the effects of deleterious genes will, through the pressure of natural selection, be compressed towards the end of the life span. Williams6 has extended this argument to sug gest that genes or gene clusters may have poss ible pleiotropic effects. If a gene had an unfavourable effect later in life which led to physiological deterioration and increased probability of death this gene would still be selected if the favourable effects early in life led to increased reproductive success.
It has been suggested7 that the idea of pro grammed ageing should be restricted to cases where there is a specific control of the onset of ageing by an identifiable metabolic process and a functional role for senescence can be demonstrated for that species, e. g. the rapid ageing and death of the Pacific salmon after spawning.
The Somatic Mutation Theory
The central concept is that if somatic cells accrue sufficient mutational damage in their DNA then physiological decrements charac teristic of ageing will occur. Szilard8 suggested that ageing resulted from recessive mutations designated 'hits' occurring over the lifetime of the animal to inactivate a gene. The relatively low incidence of spontaneous mutations and the number of 'hits' required to achieve phe notypic expression argues against this idea. 9 Moreover the predictions derived from this hypothesis have not been substantiated. It would follow that diploid organisms would live longer than haploid species but in the hymenopteran wasp Habrobracon, haploid and diploid males have similar life spans. Further arguments against the somatic muta tion theory have been advanced by Maynard SmithlO and Alexander. ll The capacity for DNA repair in most cells would reduce the effect of such random mutations.
The Error Theory
In many respects this theory is a derivative of the somatic mutation theory since it is based on the idea that species differences to tolerate DNA damage may explain the variations in life span. The theory first proposed by Med vedev suggests that selective repetitions of certain genes (reiterative nucleotide sequences), would provide a protective mech anism against random damage in vital DNA sequences. The theory postulates that if a gene is repeated many times, damage to some copies of it will be less important than if the nucleotide sequence was unique. Therefore, the greater the proportion of the genome present in repeated sequence and the larger the number of repetitions for genes control ling general metabolism, the longer should be the life span. Medvedev12 has cited data for the number of repetitions of the genes for the major rRNA in bacteria, (5-10), Drosophila (100-130) and vertebrates (250-600) while Cutler!3 although finding no correlation between reiterated DNA or ribosomal gene redundancy and longevity in mammals did observe that the average redundancy for genes transcribing mRNA in the brain of mice, cow and humans did correlate with longevity.
Error Theory-Protein Synthesis
Orgel proposed a model for biological ageing that was based on a decrease in the fidelity of protein synthesis. According to this theory ageing results from errors introduced in the process of information transfer from DNA through transcription and translation to the functional protein. Such errors are inevitable and most are likely to be unimportant but others may lead to further errors, e. g. mis specified RNA polymerases. Errors induced in the proteins controlling transcription and translation could amplify the original error to the point where the cell was no longer viable. Such a misspecified enzyme could produce a cascade effect called an 'error catastrophe'. This hypothesis has three major predictions. Firstly, degenerative changes observed with ageing should be primarily of cytoplasmic rather than nuclear origin. Secondly, abnor mal proteins should be detectable in old cells and thirdly an experimentally induced increase in the error frequency of protein syn thesis should accelerate the rate of ageing. The work of Wright and Hayflickl4 utilising cell fusion techniques has questioned the first prediction. Hybrid fibroblasts with old and young cytoplasm and nuclei have suggested that cell senescence is not primarily due to cytoplasmic events. Despite the fact that altered proteins are now frequently demon strated in old organisms this is not considered support for the Orgel hypothesis, the data strongly suggest that the changes observed in proteins are postsynthetic in nature.
IS
Direct measurements of fidelity of protein synthesis in aged animals are somewhat con tradictory in their conclusionsl5 but attempts to induce accelerated ageing through an experimentally induced decrease in the fidelity of protein synthesis have so far failed. Induced errors in the fidelity of the protein synthesising systems of E. coli do not lead to an error catastrophe but to a stable level of errors which does not affect viability.
Similarly when the synthesis of error con taining proteins are induced in bacterial and animal cells by amino acid starvation the find ings are contrary to the predictions of the error catastrophe theory (Fig. 1) .1 6 The 'error catastrophe' theory of Orgel is just one of many mechanisms which relate cellular ageing with self-propagation of errors from DNA to protein synthesis (for review seeJ7), while Rothstein and co-workers have formulated the hypothesis that altered enzymes in the cells of old animals can be explained by a slowing of protein turnoverY It is suggested that an increase in the dwell . time of cellular proteins would result in the subtle denaturation of some enzymes result ing in lowered specific activity.
Nongenetic Theories
The Free Radical Theory Free radicals are highly reactive atoms or mol ecules in which an electron pair has been separated into two electrons that exhibit inde pendence of motion, 18 and are capable of initi ating a chain reaction with stable molecules to generate more free radicals. The highly reac tive nature of free radicals and their genera tion in all cells would lead to widespread damage particularly in the mitochondrial and microsomal membranes which contain oxida tive enzymes such as monamine oxidase and microsome cytochrome oxidase. Further damage has been envisaged to occur by oxida tive alterations in collagen, elastin, DNA, mucopolysaccharides, and lysosomes leading to the formation of ceroid and fluorescent age pigment. Free radical formation and oxidative activity have been proposed as the basis of certain pathological states such as fibrosis of arterioles and capillaries secondary to mem brane damage. Implicit in the free radical con cept is the accumulation of cellular damage and an inadequacy of cellular repair mecha nisms to correct such damage. It is the stated belief of Harman,19 that 'the ageing process may be simply the sum of the deleterious free radical reactions going on continuously throughout the cells and tissues'. This biolog ical mechanism has attracted much attention because of its universal application to all cells to explain random and diverse types of damage, and the proposal by Harmanl9 that free radicals are implicated in such pathologies as cancer, cardiovascular dis eases, degenerative diseases of the central nervous system and the functional decline of the immune system. Balin20 has reviewed the data derived from experiments designed to test the free radical theory of ageing both in vivo and in vitro. Indirect evidence for the role of free radicals in ageing has been obtained from feeding anti oxidants to laboratory animals. In a number of experiments with different strains of mice Harmanl9 reported up to a 35 per cent increase in mean life expectancy but none of the compounds tested extended the maximum life span. The antioxidants were most effec tive in increasing life expectancy of short lived strains of mice by delaying the development of specific pathologies, e.g. leukemia in AKR mice. Repeated experiments with the longer lived Swiss strain or the low tumour incidence strain LAF showed no effect of feeding anti oxidants either on mean or maximum life span in either strain. Although Comfort4 demon strated a significant increase in both mean and maximum life span of C3H mice fed the antioxidant ethoxyquin he suggested alternative explanations for the effect were more plausi ble than that of molecular protection. Most importantly, in the majority of experiments where antioxidants are fed to rats and mice, a reduction in body weight is observed, a crucial observation since underfeeding is the classical way of increasing the maximum life span of laboratory species. 2 1 While the role of free radicals as a funda mental cause of ageing is still uncertain,2 the demonstration by Cutler22 that the ratio of repair or defence levels (superoxide dis mutase) per specific metabolic rate is propor tional to life span is noteworthy (Fig. 2) .
The Cross-Linkage Theory of Ageing Many common biological macromolecules will form covalent links between component parts of the same molecule or between mole cules thereby modifying both structure and function. Molecular aggregation and immo bilisation results with such complexes being resistant to catabolic processes. Central to the ideas of Bjorksten23 is that intracellular trans port is impeded and essential information containing molecules (DNA), are damaged. Many compounds found in living tissue are known to be able to induce cross-linkages, of which free radicals are but one group, the free radical theory being a selected aspect of the cross-linkage theory. While cross-linkages in DNA and protein have been demonstrated over time, the majority of data in support of this theory derives from observations on the extracellular protein collagen. The loss of elasticity in many tissues but particularly the walls of blood vessels which results from such cross-linkage of collagen, will have detri mental effects on many organ systems and may be the first step in the ageing process. Criticisms of the theory are based on the lack of evidence that cross-linkage of intracellular proteins and DNA occurs in vivo at a level sufficient to account for the physiological decline characteristic of ageing. Hayflick2 has argued that the theory does not explain how the rate of molecular cross-linking is control led to account for the wide range of life spans observed in animals. Walford has argued that much of observed ageing could represent increased autoimmunity and decreased heteroimmunity (for review see 25) . Maximum immune response occurs about the time of puberty in mammals followed by a subsequent decline to about 5-10 per cent of its maximum in old age. Con current with the decline in immune response, particularly in the T cell component is an increase in autoantibodies. Attention has been drawn to the association of the genetic control for the main histocompatibility com plex and the genes regulating superoxide dis mutase, mixed function oxidase and the level of cyclic nucleotides. It is proposed that the linkage of the genetic control for these factors on chromosome 6 in humans and 17 in mice is important in the control of ageing. In a study of 14 mouse strains genetically identical within a background strain except for the short chromosomal region carrying the H-2 major histocompatibility complex Smith and Walford2 6 observed that within each genetic background significant differences were observed in survival to the tenth decile (Table  I) . It was concluded that a much greater uni formity of lifespan would have been expected within each congeneic set if the H-2 allele did not have a significant effect on ageing. The major criticism of the immunological theory of ageing is the lack of applicability to organisms that do not have an immune system similar to that observed in the vertebrates. Secondly, the immune system is regulated by hormonal control and therefore gene expres sion and immunological dysfunction may be initiated by the neuroendocrine system.
The Neuroendocrine Theory
It has been proposed that the process of age ing and senescence may be under neural and endocrine control in a manner similar to development, growth and maturationY Consequently this theory may be viewed as an organ based extension of the programmed theory of ageing for underpinning neuroen docrine regulation of ageing is the concept of an 'ageing clock', usually located in the hypo thalamus. The neuroendocrine theory is a generic term used to describe a number of hypotheses which invoke such ideas as the disregulation of neuroendocrine control through neuron loss, neurotransmitter defi ciencies, stress, hypopituitarism, hypo thyroidism, or disruption of feedback sensitivity. A breakdown in the neuroen docrine central regulatory control would, it is argued, have widespead peripheral con sequences leading eventually to overt pathology. 27 The neuroendocrine theories of ageing can be criticised for not having universal applicability, in a manner not dissimilar to arguments used against the immune theory of ageing. Neither does this type of theory explain the initiating event at the molecular level which so disrupts neuroendocrine coor dination with time. No data are available which clearly demonstrate that changes in the neuroendocrine system are the cause rather than the effect of ageing.
